Uterine leiomyomas are a major health problem for women of reproductive age. The molecular biology of these tumors is poorly understood partly because of the lack of relevant animal models. We have produced transgenic mice expressing the simian virus 40 T antigen driven by the promoter of the Calbindin-D9K (CaBP9K) gene and either -1,000 or -117 bp of regulatory sequences so as to establish in vivo, uterine smooth muscle tumor models. Six transgenic mouse lines were obtained. Leiomyomas developed in all of them, with an almost complete penetrance of the phenotype. The smooth muscle tumors arose in different parts of the female reproductive tract. Leiomyomas usually developed in the corpus of the uterus, but one mouse line developed leiomyomas in the horn of the uterus, and another in the vagina. The CaBP9K regulatory sequences directing the expression of the Tag gene possess an estradiol responsive element, and accordingly, development of the tumors was strictly under the control of estrogen. Expression of the Tag gene is not only necessary for the initiation of the tumor but also for its development and maintenance. These transgenic mouse models should be useful for studying the pathobiology of uterine leiomyomas and could be instrumental in designing new therapeutic approaches to this disease.
Introduction
Uterine leiomyomas are a major public health problem, since they occur in Ͼ 30% of women of reproductive age (1) . Uterine leiomyomas are thought to be monoclonal tumors derived from a single myometrial cell (2, 3) . But, progress toward a better understanding of the biology of leiomyomas and the development of new therapies for treating this disease has been slowed, in part, by the lack of a suitable in vivo model of the disease. Uterine leiomyomas are unique to woman. Models of uterine leiomyomas induced by either ␤ -adrenergic agonists or long-term estrogen treatment have been developed in rodents; however, these animals do not provide appropriate models for studying the molecular biology of the disease, because tumors arise infrequently, making these models not very convenient for experimental investigations (3, 4) . A new Ecker rat model, in which reproductive tract leiomyomas arise spontaneously, has been described recently, but the tumors develop in only 30% of aged rats Ͼ 12 mo old (5) .
Transgenic mouse technology has proved very useful for creating new transgenic models of tumor development and providing systems for testing experimental therapeutic approaches (for reviews see references [6] [7] [8] . Several transgenic mouse models of mammary cancer have been created (9) (10) (11) (12) , but no transgenic mouse suffering from uterine leiomyomas has so far been reported.
We have targeted the expression of the early region of simian virus 40 (SV40) 1 large tumor antigen (Tag) to the uterine myometrium of transgenic mouse using the 5 Ј flanking regions of the rat Calbindin D-9K (CaBP9K) gene (13) . CaBP9K is found in several rat tissues, such as enterocytes, myometrium, and epithelial alveolar cells of the lung (14) (15) (16) (17) .The uterine CaBP9K gene is under the positive control of estradiol; the gene is silent in ovariectomized rodents (18, 19) and strongly activated after estradiol treatment (20, 21) . CaBP9K is also expressed in the kidney of the mouse (22, 23) . We analyzed the regulatory elements required for the tissue-specific expression of the rat CaBP9K gene in transgenic mice harboring hybrid transgenes in which reporter genes were directed by CaBP9K gene regulatory sequences. We showed that Ϫ 4,400 bp of 5 Ј flanking sequences were necessary to target transgene expression in the intestine, Ϫ 1,011 bp for expression in lung and kidney, and Ϫ 117 bp for expression in the uterus (24) . This report describes the phenotype resulting from the CaBP9K-driven expression of SV40 Tag and the establishment of a transgenic mouse model of uterine leiomyomas. This model is inducible and the development of tumors is strictly under the control of estradiol.
Methods
Construction of hybrid genes. Transgenes were constructed by recombinant technology. The construction of the 9K/ Ϫ 1011-Tag and 9K/ Ϫ 117-Tag constructs were prepared as follows. A fragment (from Ϫ 22 to ϩ 365 bp) containing the promoter region (beginning at the SacI site), the first exon, the first intron, and the beginning of the second exon (before the ATG initiation codon) was cloned by PCR. The resulting SacI-EcoRV fragment was then cloned, together with a fragment PstI-SacI containing 5 Ј regulatory sequences of the rat CaBP9K gene (from Ϫ 1,011 to Ϫ 22 bp) in the Bluescript KS vector. The 9K/ Ϫ 1011-Tag construct was obtained by inserting the Klenow-blunted 2.4-kbp StuI-BamHI fragment of the SV40 early gene containing only the large T coding sequence (small t sequences, from Ϫ 4,636 to Ϫ 4,904 bp, were deleted) at the EcoRV site. The 9K/ Ϫ 117-Tag construct was obtained by cloning together the SacI-EcorV fragment obtained by PCR cloning and containing the CaBP9K promoter region, with the HindIII-SacI fragment containing 5 Ј regulatory sequences of the CaBP9K gene (from Ϫ 117 to Ϫ 30 bp) in the Bluescript KS vector. The coding region for the SV40 large T antigen was then inserted in the same way as for 9K/ Ϫ 117-Tag.
Transgenic mice. The transgenes were separated from plasmid vector sequences by restriction endonuclease digestion and isolated by preparative agarose gel electrophoresis. The restriction fragments containing the chimeric gene were microinjected into fertilized mouse eggs as previously described (25) . Founders were identified after Southern blot analysis of tail DNAs from 2-wk-old mice. Lines were established by outbreeding founder Fo mice to obtain heterozygous mice.
All mice were maintained in accordance with the "Ministère de l'Agriculture, de la Pêche et de l'Alimentation" guide for the care and use of laboratory animals (authorization number 04093, official Dr. Dominique Daegelen Proux).
Estrogen treatment of transgenic mice. Transgenic mice (5-6 wk old), carrying the 9K/ Ϫ 1011-Tag construct (lines 39 and 46), and the 9K/ Ϫ 117-Tag construct (lines 97 and 116), were anesthetized and ovariectomized. 10 d later, each mouse was fitted with an Alzet minipump. The pumps delivered vehicle (0.5 l/h) to the control group ( Ϫ E 2 ) and diethylstilbestrol (100 g/kg) to the test mice ( ϩ E 2 ) for 15 d. The mice were then killed, and the uteri were removed and frozen in liquid nitrogen.
Northern blot and reverse transcriptase (RT)-PCR analyses. RNA was extracted from frozen tissue (up to 100 mg) by the Chomczynski procedure (26) . Northern blot analyses were performed with 10 g RNA per deposit. Total RNAs were electrophoresed in 1.5% (wt/vol) agarose-formaldehyde gel and blotted on filters (21) . Mouse CaBP9K mRNA was detected with a rat CaBP9K cDNA clone (15) .Tag mRNA was detected with the StuI-BamHI fragment containing the coding region of the large T antigen.
The primers used for the RT-PCR analyses were oligonucleotides specific to the first exon of the rat CaBP9K gene (5 Ј -TGTCT-GACTCTGGCACGACT-3 Ј ) and to the SV40 large T antigen (5 Ј -TAGTATGCCTTTCTCATCAGAGG-3 Ј ) to detect Tag mRNAs.
Oligonucleotide primers specific to the dystrophin mRNA (upstream primer 5 Ј -TAAAGCCTGTCCCCACT-3 Ј specific to exon 75, and downstream primer 5 Ј -GGAAAGCCAATGAGAGA-3 Ј , specific to exon 78) were used as internal standards. The PCR products were electrophoresed, transferred to nylon membranes, and hybridized with specific probes.
Histology. Organs were fixed in Bouin's solution, dehydrated, and embedded in paraffin. Sections (5 m) were cut and stained with hematoxylin and eosin.
Immunohistochemical studies. The SV4O large T antigen was immunolocalized in uterine leiomyoma using a specific rabbit anti-large T antigen antibody (kindly provided by Dr. D. Hanahan, University of California, San Francisco). Frozen sections (5-7 m) were fixed with 2% paraformaldehyde at room temperature for 10 min, incubated with 0.25% Nonidet P-40 (Boehringer Mannheim, Mannheim, Germany), rinsed in PBS, and incubated with the anti-large T antibody for 18 h at room temperature. After washing, samples were incubated with biotinylated anti-rabbit IgG and streptavidin-fluorescein (1:20, Vector Labs, Inc., Burlingame, CA). As controls, samples processed by omitting the anti-Tag antibody showed no labeling (not shown). Specimens were examined under a Zeiss photomicroscope equipped with epifluorescence optics and photographed.
Results
Tumorigenesis in CaBP9K/Tag transgenic animals. Two constructs were used to obtain transgenic mouse lines. The first 9K/ Ϫ 1011-Tag construct contained Ϫ 1,011 bp of 5 Ј flanking sequences, the promoter region, the first intron, the first exon, and the beginning of the second exon of the CaBP9K gene linked to the coding sequence for Tag. The second 9K/ Ϫ 117-Tag construct contained only 117 bp of 5 Ј flanking sequences linked to Tag (24) . Two pedigrees were obtained with the 9K/ Ϫ 1011-Tag construct and four with the 9K/ Ϫ 117-Tag construct (Table I) .
The founder of line 46 carrying the 9K/ Ϫ 1011-Tag construct was moribund at 9 mo of age. Analysis of this mouse shows many tumorous lung nodules which tended to be confluent in some place, and the loss of sufficient parenchyma for a In line 97, 80% of the mice developed vaginal leiomyomas; the others developed leiomyomas in the corpus of the uterus.
ʈ Line 121 was difficult to breed, since most of the animals died before they were 1 mo old. Only four females survived up to 5 mo.
normal respiratory function was probably the reason for the distress of the animal. Analysis of the uterus showed enlargement of the corpus of the organ. Pathological studies indicated that the mouse had developed a lung adenocarcinoma and a uterine leiomyoma (Table I ). The other founder for this construct (founder 39) had very few nodules in the lung, but had a large tumor in the corpus of the uterus. The female founders carrying the 9K/ Ϫ 117-Tag construct (founders 97 and 117) both developed uterine smooth muscle tumors. The tumor was localized in the corpus of the uterus of founder 117, and in the vagina of founder 97. These tumors were uterine leiomyomas according to pathological criteria (Table I) .
The offspring of these six transgenic mouse lineages all developed uterine leiomyomas. Most of the pedigrees showed a very high degree of penetration, since almost all the mice developed the disease (Table I ). All the transgenic mice in line 46 developed lung adenocarcinomas, usually associated with uterine leiomyomas. In contrast, the transgenic mice of line 39 mainly developed polycystic kidney diseases, again always associated with uterine leiomyomas. Transgenic mice carrying the 9K/ Ϫ 117-Tag construct developed uterine leiomyomas only.
Northern blot analysis was used to confirm that the pathology was associated with, and therefore most likely was due to, Tag expression. Fig. 1 shows the tissue distribution of the SV40 Tag mRNA in each lineage. Strong Tag gene expression was detected in pathological tissues in which lung adenocarcinomas, polycystic kidney disease, or uterine tumors developed.
Uterine smooth muscle tumor development. There was Tag expression in the myometrium of all 9K/ Ϫ 1011-Tag and 9K/ Ϫ 117-Tag transgenic mice, regardless of the transgene integration site. However, there were marked differences between the six different lines of transgenic mouse that developed uterine leiomyomas (Table I) . First, the tumors were located in different parts of the female reproductive tract in the different lines. Females of line 116 developed uniform, large (up to 18 grams) tumors in the corpus of the uterus (Fig. 2, A and B ) . Females of lines 46, 117, and 121 had similar tumor phenotypes, but the tumors were smaller (never Ͼ 1 gram) (Fig. 3 and data not shown). By contrast, 80% of the female mice of line 97 developed vaginal leiomyomas (Fig. 2 C and Table I ). The females of line 39 developed leiomyomas in the horn of the uterus; these tumors were pedunculate and located in one or both horns (Fig. 2 D ) . This development of uterine leiomyomas in different parts of the female reproductive tract was in agreement with the expression of the SV40 Tag gene analyzed by Northern blot or RT-PCR ( Fig. 1 and see Fig. 6 ).
Second, as shown in Table I , the age at tumor onset varied from one line to another, line 116 had the shortest latency (2.5-3 mo), and lines 117-46 the longest (at least 6 mo). This was quite well correlated with the level of expression of the Tag gene (Fig. 2) .
The development of the uterine tumors was monitored over several months in line 116 females. Uterine tumors developed 1 mo after puberty and grew with age (Fig. 3) . The development of the tumors was rather variable, some mice had 12-gram tumors at 4 mo, while others only had small tumors (0.5 grams) at 5 mo of age (Fig. 3) .
To confirm that uterine leiomyomas were due to Tag expression, we performed immunohistochemical analysis. Tag expression was only detected in smooth muscle cells of the uterus (Fig. 4) .
Leiomyoma histology. Histopathological analysis of a leiomyoma from a line 116 mouse revealed a proliferation of fusocellular smooth muscle cells from both layers of the myometrium to form whorls of anastomosing fascicles (Fig. 5, A  and B ) . The cytoplasm and nuclei appeared normal, but there were proliferation centers with a high mitotic index (Fig. 5 C ) . The stroma was densely hyalinized, especially with older tumors (Fig. 5, D and E ) . The tumors in the other lines were similar, with clear distortion of the myometrial wall in uterine horn tumors of line 39 mice (Fig. 5 F ) . There was never invasion of the peritoneum or destruction of the endometrium epithelium or metastasis even in older mice. Despite the high mitotic index in the tumors, which would be sufficient for a diagnosis of leiomyosarcoma in humans, there was never any local invasion or metastasis and, consequently, the tumors were classified as leiomyomas.
Estradiol dependence of the uterine leiomyomas. The CaBP9K regulatory sequences directing the expression of SV40 Tag contain an estradiol responsive element (27) . The fact that the uterine leiomyomas developed only after puberty in females suggested that they were hormone responsive, probably via this estradiol responsive element. Mice of several transgenic lines were ovariectomized at puberty and uterine tumor development was monitored. No uterine tumors developed up to 7 mo after ovariectomy (Table II) , indicating that these transgenic mice are good models of estrogen-dependent smooth muscle uterine tumors. The SV40 Tag expression analyzed by RT-PCR analysis was also hormone dependent (Fig. 6 ). SV40 Tag expression was not detected in the uterus of ovariectomized transgenic mice, but SV40 Tag expression was induced by estradiol treatment (Fig. 6) . These results suggest that oncogene expression is needed for the initiation of the uterine tumor. To determine if the oncogene was also necessary for maintenance of the tumor, transgenic mice which had already developed uterine tumors were ovariectomized and changes in the tumor were monitored by MRI (Fig. 7) . The tumors had not developed 1 mo after ovariectomy, and a rather weak regression could be observed, while the tumor in the nonoperated mouse continued to grow ( Fig. 7 and see Fig. 3 ). The arrest of tumor growth, and even trend to regression, was confirmed in three other transgenic mice ovariectomized at different stages of tumor development (data not shown). The arrest of growth was associated with decreased mitotic activity in the tumor, suggesting that the high mitotic activity was due to the expression of the SV40 Tag gene (Fig. 7) . The mitotic count per 10ϫHPF (high power field) was 0 for ovariectomized transgenic mice versus 49 for the nonovariectomized transgenic mice. These results suggest that Tag expression was necessary not only for the initiation of the tumor, but also for its continuous development.
Discussion
The rat CaBP9K 5Ј regulatory region has been used to direct the expression of the SV40 Tag gene to the uterine myometrium, thus providing transgenic models of uterine leiomyomas. The lines of transgenic mice were used to establish several models of leiomyomas of the female reproductive tract. The leiomyomas observed in transgenic mice were macroscopically and histologically similar to human tumors. Their growth was under the control of estradiol, which is also involved in the control of human myoma growth (1, 3) . This makes the mouse model pertinent to address the mechanism controlling fibroid growth and morphology, and to investigate new nonsurgical therapeutic approaches of this common type of tumor. SV40 Tag is sufficient to perturb the growth properties of uterine myometrial cells. The age at onset of the tumor and the rapidity of their development seem to depend on the Tag level, but all of the mice developed uterine hyperplasia, which indicates that myometrial cells are sensitive to SV40 Tag-dependent proliferation. The lack of tumors in the uterine horns of line 116 mice carrying the 9K/Ϫ117-Tag construct is interesting as the Tag gene is expressed in this part of the uterus. Perhaps a level critical to Tag synthesis is needed to induce proliferation of smooth muscle cells in this region of the uterus, and this level is not reached in line 116 females. Or, the myometrial cells of the horn of the uterus may be more resistant to tumorigenesis than the smooth muscle cells of the corpus. Results obtained with the rat Ecker model support the second alternative since leiomyomas arise more frequently in the corpus of the uterus (5) .
As in the human tumors, the histological pattern of the leiomyomas developed in the transgenic mice showed zones of intense cellularity interspersed with zones containing large amounts of noncellular matrix. Immunohistochemical studies have shown that the expression of SV40 Tag gene is uniform, and that all smooth muscle cells are labeled with anti-Tag. This indicates that SV40 Tag synthesizing smooth muscle cells have two types of response, intense proliferation or secretion of extracellular matrix. The factors involved in this dual decision are not known, but it is tempting to think that growth factors and/or their receptors are involved (28) .
The strict hormone dependence of leiomyomas in these transgenic mice also mimics the situation in uterine myomas in women, in whom leiomyomas are estradiol dependent and tend to regress after menopause. The effects of estradiol on tumor cell growth may be mediated by the local production of growth factors. The dependence of tumor development on estrogen secretion in the CaBP9K/Tag mice may have a twofold mechanism: estrogen-dependent Tag synthesis and the growthpromoting effects of estrogen itself on uterine smooth muscle cells. Our results clearly show that tumor development in these transgenic mice depends on Tag expression. However, estrogen could also be "permissive" for the SV40 Tag action, perhaps by stimulating its own growth-promoting genes or growth factor secretion, as suggested in other estrogen-dependent tumors like breast cancers (29) . Consistent with this hypothesis, we found that the estrogen-dependent IGFI growth factor was overexpressed in growing leiomyomas and repressed by pure antiestrogens (Leroy, G., T. Molina, P. Fayet, B. Romagnolo, A. Vandewalle, A. Kahn, and C. Perret, manuscript in preparation). Human hormone-dependent cancers can evolve towards a stage of hormone independence. In breast cancers, this stage may be associated with posttranslational, ligand-independent activation of the estrogen receptor, resulting from a cross talk between growth factor signaling and the estrogen receptor (29-31). We have not seen this acquisition of estrogen independence for tumor growth in these transgenic mice models. Ovariectomy of transgenic mice bearing uterine leiomyoma results in the arrest of tumor growth. This indicates that cell proliferation remains dependent upon Tag synthesis throughout tumor development, without any evidence of autonomously growing cells which could result from the addition of secondary genetic events to Tag synthesis. However, estro- Figure 6 . Control of SV40 Tag expression by estradiol in CaBP/Tag transgenic mice. Transgenic mice were ovariectomized at puberty and given vehicle (ϪE 2 ) or diethylstilbestrol (100 mg/kg) (ϩE 2 ) via an Alzet mini-pump. RNAs were extracted and analyzed by RT-PCR for expression of the SV40 Tag gene (Tag); expression of the dystrophin gene (Dys) served as an internal control, since it is not controlled by estradiol. Products of RT-PCR were removed at 27 and 30 cycles and were analyzed by Southern blotting. Four mice from each transgenic line (lines 39, 46, 97, and 116) were used; two were given the vehicle (ϪE 2 ) and RNA was extracted from the whole uterus (U1 and U2); two were given estradiol (ϩE 2 ) and RNA was extracted from the horn of the uterus (H1, H2) , the corpus of the uterus (Cp1, Cp2), and the vagina (V1, V2).
gen-independent growth in vitro does occur. We have recently established a myometrial cell line from these transgenic mice which, like the original tumor, depends initially on estrogens for its growth (32) . However, in later passages, cells proliferate without estradiol. Cells with an estrogen-independent growth phenotype constitutively expressed estrogen-responsive genes (e.g., Tag and CaBP9K genes). These genes are still inhibited by the pure antiestrogen ICI 182 780, indicating that like the phenomena of ligand-independent, posttranslational activation of estrogen receptor reported in some breast cancer cells (29) (30) (31) , uterine estrogen receptor is still involved in estrogenindependent myometrial cell growth. The occurrence of this phenomenon in vitro, but not in vivo, could reflect genetic or epigenetic changes specific to continuous growth of smooth muscle cells in culture.
The uterine tumors developed in our transgenic mice are classified as benign tumors, since there was no nuclear atypia, local invasion, or metastasis, although the mitotic index was high. SV40 Tag seems to be sufficient to perturb the growth of smooth muscle cells, but not to fully transform them. In women, mitotic activity of uterine leiomyomas is believed to be an important indicator of malignancy and the distinction between leiomyoma and leiomyosarcoma is usually based on the mitotic index. In contrast, the high mitotic indexes of the murine leiomyomas described here seem to be insufficient to classify these tumors as malignant.
Since tumor development in the CaBP9K/Tag transgenic mouse remains dependent on Tag synthesis, it may require functional inhibition of the p53 and Rb antioncogenes, the products of which are known to bind to Tag (33) . This mechanism is consistent with the frequent alterations in the p53 and Rb genes in human and rodent soft tissue sarcomas (34, 35) . Heterozygosity for both p53 and Rb deficiencies, obtained by homologous recombination, leads to leiomyosarcoma development (36) . Finally, rearrangement of the 12q13-14 chromosomal region has been described in human uterine leiomyomas (3, 37) and the Mdm-2 oncogene is located in this region. This may be significant because the Mdm-2 gene, the product of which binds p53, is amplified in many sarcomas (38, 39) . Thus, the inhibition of p53 and (or) Rb functions seems to be an important factor in the tumorigenesis of smooth muscle cells.
In conclusion, the estrogen-dependent uterine leiomyomas that arise in these transgenic mice appear to be an appropriate model for studies on the pathobiology of these tumors which are very common in women. They could provide an appropriate system in which to develop new therapeutic approaches to this disease. 
